The function of the RIG-I-like receptors (RLRs; including RIG-I, MDA5, and LGP2) as key cytoplasmic sensors of viral pathogenassociated molecular patterns (PAMPs) has been subjected to numerous pathogenic challenges and has undergone a dynamic evolution. We found evolutionary evidence that RIG-I was lost in the Chinese tree shrew lineage. Along with the loss of RIG-I, both MDA5 (tMDA5) and LGP2 (tLGP2) have undergone strong positive selection in the tree shrew. tMDA5 or tMDA5/tLGP2 could sense Sendai virus (an RNA virus posed as a RIG-I agonist) for inducing type I IFN, although conventional RIG-I and MDA5 were thought to recognize distinct RNA structures and viruses. tMDA5 interacted with adaptor tMITA (STINGTMEM173/ERIS), which was reported to bind only with RIG-I. The positively selected sites in tMDA5 endowed the substitute function for the lost RIG-I. These findings provided insights into the adaptation and functional diversity of innate antiviral activity in vertebrates.
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RIG-I | MDA5 | tree shrew | positive selection | functional replacement I n persistent struggle between host and virus, the evolution of the innate immune system is a pivotal turning point. When virus enters and replicates inside the host cells, host innate immunity, as the first line of immune system to defense against pathogen infection, is quickly motivated. Host proteins, such as the germlineencoded pattern-recognition receptors (PRRs), which interact directly with viral protein, are subjected to molecular arms races (1) . Cytosolic RIG-I-like receptors (RLRs), encompassing RIG-I (retinoic acid-inducible gene I, also known as DDX58) (2), MDA5 (melanoma differentiation factor 5, also known as IFIH1) (3) , and LGP2 (laboratory of genetics and physiology 2, also known as DHX58) (4) , which act as PRRs detecting viral PAMPs, mainly sense viral RNA in the cytosol (5) and trigger a series of signal cascades that lead to the production of type I IFN and various cytokines (6) (7) (8) . These proteins bear the imprint of the long-term evolutionary arms race against viral RNA and other molecules (9) . RIG-I and MDA5 share similar signaling features and structural homology: with two N-terminal caspase-recruitment domains (CARDs), a DExD/H box RNA helicase domain, and a C-terminal repressor domain (RD), whereas LGP2 lacks a CARD (2, 4, 10) . The role of RIG-I and MDA5 in response to virus stimulation is not redundant: MDA5 specifically recognizes Picornaviruses, such as the encephalomyocarditis virus (EMCV), and RIG-I recognizes a wide variety of RNA viruses belonging to the Paramyxovirus and Rhabdovirus families (11) . In contrast to MDA5 and RIG-I, the role of LGP2 in cytosolic RNA sensing remains controversial. Some reports suggested that LGP2 is essential for the production of type I IFN in response to several RIG-I-and MDA5-dependent viruses (10), whereas others described LGP2 as a negative regulator of the RIG-I signaling (12) .
Evolutionary studies have painted an intricate picture of how RLRs have arisen and functionally diversified based on the CARDs of RIG-I and MDA5 (9, (13) (14) (15) , which are essential in triggering the IFN response (2) . It has been suggested that the CARD domains have been gained by RIG-I and MDA5 in two separate events: the first domain being acquired before the duplication that developed RIG-I and MDA5 and the second domain gained after their divergence (13) . Moreover, the two CARDs found at separate loci in the sea anemone Nematostellavectensis suggested that these CARDs might have occurred in these loci after the divergence of the chordates (14) . A recent study showed that RLR and MAVS CARDs diversified in early deuterostomes, probably through a series of tandem, partial-gene duplication events (15) . In contrast to the CARDs, the divergence of RIG-I, MDA5, and LGP2 have remained unresolved (16) . Zou et al. (14) demonstrated that RIG-I diverged in the early deuterostomes, with LGP2 and MDA5 diverging later in the vertebrates, whereas Sarkar et al. (13) showed that LGP2 diverged in the early chordates, followed by the divergence of RIG-I and MDA5 in the tetrapods. Recently, Mukherjee et al. showed that the RLR-based immune system might arise with the emergence of multicellularity (9) . Although MDA5 and LGP2 homologs were found in many teleost fishes, clear RIG-I homologs have only been identified in salmon and carp (17) . RIG-I was absent in the chicken genome, although MDA5 and LGP2 were both present (18, 19) . The loss of RIG-I might affect the first line of defense at the lung epithelial cells during influenza infection in chickens. Therefore, it was not surprising that chickens suffer severely from avian influenza virus (AIV) infection compared with ducks (18) . No mammalian species has been found to have a defective RIG-I until recently when we noted the absence of RIG-I in the Chinese tree shrew (Tupaia belangeri chinensis) Significance RIG-I-like receptors (RLRs) belong to a family of DExD/H box RNA helicases and comprise three members: RIG-I, MDA5, and LGP2. The function of RLRs as key cytoplasmic sensors of pathogenassociated molecular patterns has been subjected to numerous pathogenic challenges and undergone dynamic evolution, making it an excellent example for studying innate immunity evolution. We characterized the loss of RIG-I and found that tMDA5 acted as the pattern-recognition receptor responsible for sensing Sendai virus infection in the tree shrew, with an involvement of tLGP2 and tMITA. The positively selective sites in tMDA5 were crucial for the tMDA5-mediated antiviral signaling pathway. Our results provided insights into the evolutionary adaptation and functional diversity of antiviral activity in vertebrates. genome (20) . An understanding of the biological effects of the loss of RIG-I in the tree shrew will undoubtedly offer insights into the origin and development of the innate immunity in mammals.
In this study, we performed an evolutionary analysis and a functional characterization of the loss of RIG-I in the Chinese tree shrew. We confirmed that the absence of RIG-I in the tree shrew lineage, which accompanying with the presence of a positive selection signal on the other two RLR members, the tree shrew MDA5 (tMDA5) and LGP2 (tLGP2). Functional assays have shown that tMDA5 or tMDA5 combined with tLGP2 (tMDA5/tLGP2) could sense Sendai virus (SeV), which is a RIG-I agonist. tMDA5 could also interact with adaptor tMITA (21) (22) (23) , which was reported to specifically bind with RIG-I. These results have suggested tMDA5 can replace or at least partially replace the function of RIG-I to sense RNA virus and enhance signaling via interaction with tMITA.
Results RIG-I Is Absent in the Chinese Tree Shrew. An inspection of the Chinese tree shrew genome (20) revealed the RIG-I gene has been severely damaged so that functional RIG-I protein cannot be made (Fig. 1A) . We identified the mutational change affecting the start codon of RIG-I, with the expected methionine-codon being replaced by a valine-codon (Fig. S1 ), in all 52 Chinese tree shrews collected from different geographic regions (Fig. S1 ). The RIG-I transcript was missing in tree shrew, but was expressed in both Malayan flying lemur (which has a close affinity to tree shrew) (24) and human cells (Fig. 1B) . The RIG-I protein could be detected in human, monkey, and mouse, but not in tree shrew tissues (Fig.  1C) . These results confirmed the loss of RIG-I in the tree shrew and showed this event occurred after the divergence of tree shrew from these other species.
A Substitute for the Lost RIG-I Acts as the Ligand of RNA Viruses and 5′
Triphosphate RNA. The absence of RIG-I in tree shrew has led us to hypothesize that the functioning of its antiviral innate immune system would be affected. Indeed, we observed different timedependent expression patterns of IFNB1 mRNA in tree shrew primary renal cells (TSPRCs) and HEK293 cells in response to Newcastle disease virus (NDV) infection (Fig. S2A) . We further assessed the tIFNB1 mRNA levels in TSPRCs challenged by a set of negative-sense RNA viruses, including SeV, AIV and VSV (vesicular stomatitis virus), and found that these viruses also significantly induced the tIFNB1 mRNA expression ( Fig. 2A) . When TSPRCs were overexpressed with human RIG-I (hRIG-I; Fig.  S2B ), followed by infection of RNA viruses, the tIFNB1 mRNA level was significantly up-regulated earlier than in the mocked cells ( Fig. 2A) . This observation suggested that loss of RIG-I in tree shrew had not suppressed, but only delayed the tIFNB1 mRNA expression, and overexpression of hRIG-I had the compensatory effect. Evidently, there is an alternative sensor that recognizes RNA viruses and induces an antiviral response in TSPRCs. It is well established that RIG-I mediates antiviral response to RNAs bearing 5′ triphosphate RNA (5′ ppp RNA) (25); we therefore transfected 5′ ppp dsRNA into HeLa cells and TSPRCs. Owing to the presence of RIG-I in HeLa cells, the 5′ ppp dsRNA quickly induced the IFNB1 mRNA expression and reached a high level at 6 h (Fig. 2B ). In contrast, the 5′ ppp RNA had a delayed stimulation, with a slight effect at 6 h, significantly increased the tIFNB1 mRNA levels at 12 h in TSPRCs ( (vRNA) was transfected in these cells. The SeV vRNA induced IFNB1 mRNA to a high level in HeLa cells at 12 h but had a slow up-regulation effect in TSPRCs (Fig. 2C) . However, when SeV vRNAs were treated with CIAP (to ablate the 5′ ppp ends), it had a weak effect on the IFNB1 mRNA levels in both cells (Fig. 2C) . These results suggested that human and tree shrew cells are different in sensing SeV vRNA, and there is a functional substitute for the loss of RIG-I in sensing these RNAs in the Chinese tree shrew.
Tree Shrew Cells Sensed SeV Through tMDA5, with an Involvement of tLGP2. We next sought to identify the cytosolic recognition elements in TSPRCs, which could replace the RIG-I function as the ligand of virus RNA. We found that the two members of RLRs, tMDA5 and tLGP2, had a significantly increased mRNA expression after AIV, SeV, VSV, NDV, EMCV, or HSV-1 (herpes simplex virus-1) infection for 6 h or even later (Fig. S3A) . Overexpression of tMDA5 and tLGP2 (Fig. S3B ) significantly potentiated the virustriggered activation of tIFN-β promoter luciferase (IFN-β-Luc) reporter activity (Fig. 3A) , whereas knockdown of tMDA5 and tLGP2 (Fig. S3B ) displayed the opposite effect (Fig. 3B) . Moreover, as indicated by the diminished GFP expression, overexpression of tMDA5 and tLGP2 inhibited GFP-tagged VSV replication, with a comparable effect to that of hRIG-I overexpression ( Fig. 3C and Fig.  S3C ). In addition, tIFNB1 mRNA expression increased in TSPRCs on EMCV infection (Fig. S3D) . Overexpression of tMDA5 markedly activated the EMCV-induced IFN-β-Luc, NF-κB-Luc, and ISRE-Luc reporters (Fig. S3E) . Knockdown of tMDA5 and/or tLGP2 significantly inhibited EMCV-induced tIFNB1 mRNA expression (Fig. S3F ). These observations indicated that the function of tMDA5 and tLGP2 was homologous to that of the other mammals and had an obvious antiviral activity.
To confirm that tMDA5 was involved in the IFN-β response to SeV and acted as the RIG-I functional substitute, we used previously reported immunoprecipitation (IP) method (26, 27) to isolate tMDA5-associated RNA from SeV-infected cells. We first immunoprecipitated tMDA5 from SeV-infected TSPRCs transiently overexpressing a Flag-tagged tMDA5 protein (Fig. 3D) , and then we extracted RNA from the precipitates and analyzed its stimulatory activity on the induction of IFN-β ( Fig. 3 E and F) . Notably, RNA associated with the tMDA5 precipitates (which contained SeV-derived vRNA; Fig. S4A ), but not with the control (IgG) precipitates, stimulated the IFN-β-Luc reporter in HEK293 cells (Fig. 3E ) and induced tIFNB1mRNA expression in TSPRCs (Fig. 3F) . Moreover, knockdown of tMDA5 inhibited the immunoprecipitated SeV RNA-induced activation of the tIFNB1 mRNA expression in TSPRCs (Fig. 3G) . Immunoprecipitated SeV RNA induced tMDA5 mRNA expression in a dose-dependent manner in TSPRCs (Fig. 3H) . In human cells, RIG-I specifically bound the defective interfering (DI) particle during SeV infection (27) . We used the strand-specific quantitative RT-PCR (qRT-PCR) with primers for SeV DI particle to validate the RNA associated with tMDA5 precipitates. We confirmed that tMDA5, but not human MDA5 (hMDA5), bound SeV RNA (Fig. 3I ). tMDA5 had a weaker ability to bind SeV RNA than hRIG-I (Fig. 3I) . In addition, we also found that tMDA5 had a higher binding affinity to the L region of EMCV compared with hRIG-I (Fig. S4B) , and EMCV RNA was sufficient to trigger the MDA5-dependent IFN response (Fig. S4C) . These results indicated that tMDA5 maintained its original function to recognize EMCV and had evolved an additional function for the loss of RIG-I.
The LGP2 can assist MDA5-RNA interactions and leads to enhanced MDA5-mediated antiviral signaling (26, 28) . Inclusion of tLGP2 significantly increased the tMDA5-dsRNA interaction at a lower concentration, but inhibited the tMDA5 signaling at a high level (Fig. S4D) (28) . Transfection with low-or highmolecular-weight poly I:C up-regulated the tIFNB1 mRNA expression (Fig. S4E) , whereas tMDA5 and tLGP2 knockdown abolished this induction effect (Fig. S4F) . These results suggested that TSPRCs sensed poly I:C through tMDA5, with a modification effect from tLGP2. We cotransfected tLGP2 and tMDA5 to immunoprecipitate tMDA5/tLGP2-associated RNA and analyzed the stimulatory activity of the precipitated RNAs. Consistent with the above results, tMDA5/tLGP2-associated RNAs could induce the IFN-β-Luc activity and tIFNB1 mRNA expression (Fig. 3 J-L) and had a slightly higher binding affinity than tMDA5 alone (Fig. 3I ), indicating that tLGP2 was able to synergize with tMDA5 to render cells to be more sensitive to SeV infection, finally leading to an enhanced tMDA5-mediated antiviral signaling.
tMDA5 Interacted with tMITA. MITA preferentially modulated the RIG-I-, rather than the MDA5-signaling (21, 22) . MITA was unable to mediate the signaling triggered by high-molecularweight poly I:C (poly I:C H), which was known to be sensed by MDA5 (Fig. S4F) (23, 29) . To examine whether tMDA5 could replace RIG-I to interact with tMITA, we overexpressed tMDA5 and tMITA in TSPRCs separately and investigated the activation effect of the IFN-β-Luc, NF-κB-Luc, and ISRE-Luc reporters in response to poly I:C. Both tMDA5 and tMITA could induce the IFN-β-Luc, NF-κB-Luc, and ISRE-Luc activities in a dose-dependent manner in response to poly I:C H (Fig. 4 A and B and Fig. S5A) , and tMITA was a downstream mediator of the tMDA5 signaling (Fig. S5B) . Knockdown of endogenous tMITA (by sitMITA; Fig. S5C ) inhibited the activation of the IFN-β-Luc, NF-κB-Luc, and ISRE-Luc by poly I:C H (Fig. 4C) . These results suggested that tMITA mediated the tMDA5-dependent signaling triggered by poly I:C H. Coimmunoprecipitation showed that tMDA5 could interact with tMITA in SeV-infected TSPRCs (Fig. 4D) . Taken together, tMDA5 can bind to tMITA in the absence of RIG-I and mediate the corresponding signaling in tree shrew.
MDA5 and LGP2 Underwent Positive Selection in the Tree Shrew
Lineage. To understand the evolutionary dynamics and selective pressure on the RLR genes in the tree shrew due to the loss of RIG-I, we used the branch models and the branch-site models based on the maximum-likelihood method implemented in the phylogenetic analysis by maximum likelihood (PAML) package (30) to calculate the average nonsynonymous substitution/synonymous substitution rate (d N /d S , also known as ω) for MDA5 and LGP2. We first tested with the branch models, which were based on the model M0 with same ω for all branches and the model M2 with different ω on selected branches, and then we compared M0 and M2 by the likelihood ratio test (31) . As shown in Table S1 , tMDA5 and tLGP2 underwent a positive selection (tMDA5, P = 0.032; tLGP2, P = 0.032). The positive selections were further evaluated by using the branch-site models (32) implemented in PAML (30) , which is powerful for detecting episodic positive selection and for generating biological hypotheses for mutation and functional analyses (33) . Similar positive selection signature was detected in tMDA5 (P = 0.007), whereas no significant sites were found for tLGP2 (P > 0.05) (Table S1 ). In detail, the branch-site models analysis detected two positively selected residues (Lys188 and Ala402) in the tMDA5 (Table S1 ).
The Positively Selected Sites in tMDA5 Endowed the Substitute
Function for the Lost RIG-I. To functionally characterize the potential selection effect on tMDA5, we focused on the two positively selected sites (PSSs) Lys188 and Ala402 in tMDA5, which were highly conserved in the primates (Table S1 and Fig. S6 A and B) . were cotransfected with MYC-tMITA (10 μg) and Flag-tMDA5 (10 μg) expression vectors for 36 h and then were infected with SeV for 16 h, followed by immunoprecipitation (IP) with anti-Flag, anti-MYC, or mouse IgG (control). The EGFPtagged tMAVS was used as a positive control. Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, Student t test. Bars represent mean ± SEM.
PSSs in tMDA5 are located in critical domains: the Lys188 is located in the second CARD near the helicase domain, which is essential for coupling to the downstream signaling adaptors (34); the Ala402 is located in the DECH box helicase domain (35) (Fig.  S6 A and C) . We located the PSSs based on the crystal structures of hMDA5 (Protein Data Bank ID code 4GL2) and found that Ala402 was adjacent to regions involved in dsRNA binding (35) (Fig. S6D) . Alteration of basic amino acid lysine to neutral alanine at this position might have changed the affinity between dsRNA and tMDA5. Evidently, the in silico prediction analysis demonstrated that these PSSs were probably crucial for tMDA5-mediated antiviral signaling pathway.
To examine the potential function of the two PSSs in tMDA5, we swapped the Lys188 and Ala402 in tMDA5 back to the evolutionarily conserved and primitive glutamine (K188Q) and lysine (A402K), respectively (Fig. S6) . tMDA5 induced the IFN-β-Luc, NF-κB-Luc, and ISRE-Luc activities in a dose-dependent manner by Mock or SeV induction, whereas tMDA5 K188Q robustly inhibited these luciferase activities. tMDA5 A402K only activated these reporters at a low concentration but decreased their activities at a high concentration on SeV infection (Fig. 5A and Fig. S7A ). We speculated that this pattern was caused by different regulation effects of heterodimer of endogenous tMDA5 and exogenous tMDA5 A402K and homodimer of exogenous tMDA5 A402K in TSPRCs. Similarly, tMDA5 K188Q and tMDA5 A402K, but not tMDA5, had no apparent ability to activate the luciferase reporters in response to NDV and VSV infections (Fig. 5B and Fig. S7B ). tMDA5 and tMDA5 A402K, but not tMDA5 K188Q, inhibited VSV replication, albeit with different capabilities (Fig. 5C and Fig.  S7C ). To further confirm the critical role of the PSSs of tMDA5, we performed a gain-of-function analysis by introducing mutations at the equivalent positions in hMDA5. We found that hMDA5 Q187K and K405A significantly potentiated the IFN-β-Luc, NF-κB-Luc, and ISRE-Luc activities induced by SeV and NDV in HEK293 and HepG2 cells, but no effect was observed for EMCV infection (Fig. S7 D-F) . Thus, the role of hMDA5 mutants was consistent with that of tMDA5 (Fig. 5 A and B and Fig. S3E ), suggesting that the two PSSs in MDA5 endowed tMDA5 a substitute function for the lost RIG-I. Note that both hMDA5 mutants have not been found in the general human populations (>60,000 individuals; SI Materials and Methods), suggesting both sites were extremely conserved.
We further assessed the antiviral activity of tMDA5 and its mutants by analyzing phosphorylation of the transcription factor IRF3 and NF-κB signaling. Infection with SeV induced phosphor-IRF3 in TSPRCs overexpressing tMDA5 and it mutants, but tMDA5 K188Q and tMDA5 A402K activated the phosphor-IRF3 at a later time point (12 h) (Fig. 5D) . Concordantly, tMDA5 K188Q and tMDA5 A402K affected the ability of SeV to induce phospho-p65, phospho-IKKα/β, and phospho-IκBα, with a different pattern compared with tMDA5 (Fig. 5E) . The RNA IP assay showed that tMDA5 A402K had a weaker ability to sense SeV RNA than tMDA5 and tMDA5 K188Q (Fig. 5F and Fig. S7 G-L) . These results were consistent with the structure prediction that the PSSs K188 and A402 were located in different functional domains (Fig.  S6 ) and affected the SeV-induced IRF3 and NF-κB activation.
Discussion
The RLR proteins play a key role in the innate immune system response against viral infection by recognizing viral RNA molecules (36, 37) . RLRs are highly conserved during vertebrate evolution (13, 14) , and loss of RIG-I in mammalian species is extremely rare (20) . The loss of any RLR member might be expected to have a great impact on immune response. In this study, we characterized the consequences resulting from the loss of RIG-I in the tree shrew and provided direct functional evidence for the diversification of the RLR members in this species due to the inability to produce RIG-I. Accompanying this change, we observed a positive selection signal on tMDA5 and tLGP2. We found that tMDA5 alone or tMDA5/ tLGP2 could replace RIG-I in sensing RNA viruses and trigger IFN production. This replacement might be enhanced by the interaction of tMDA5 with tMITA, which was proved to specifically interact with RIG-I to cascade the antiviral signaling (22) . The functional divergence between tMDA5 and its mutants indicated that the Data are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, Student t test. Bars represent mean ± SEM.
compensatory effect of tMDA5 might be driven by natural selection. Loss of RIG-I has resulted in a functional replacement by MDA5 or MDA5/LGP2 as a cytosolic RNA sensor to trigger IFN production. Although the available data suggested that loss of RIG-I has led to MDA5 functional alteration, most likely via the PSSs in tMDA5, it raised an interesting question: the time order of RIG-I loss and the positive selection on MDA5-which one is earlier in the tree shrew? A straightforward explanation is that tMDA5 first mutated and evolved by positive selection to gain a new function to achieve the ability to sense the viruses that were initially recognized by RIG-I, and then the redundant RIG-I gradually eroded in the genome. This assumption would be compatible with the pattern for overlapped recognition of same viruses by both MDA5 and RIG-I (38) . The RIG-I is essential for preferentially recognizes RNAs bearing 5′ ppp ends in vertebrates, which serve to define a nonself RNA PAMP (25, 36, 39) . It was unlikely that tree shrew accidentally lost RIG-I, because the sudden loss of RIG-I would render this species be more susceptible to virus infections (11, 18, 40) . Moreover, RLRs and their downstream signaling molecules could be found in the earliest animals, suggesting for an ancient origin of the RLRs (15) . However, it remains a challenge to attribute the selection patterns of RLRs to virus-mediated natural selection in the tree shrew.
Besides MDA5, LGP2 acts as a regulator of RLR-mediated antiviral signaling and was reported to play apparently conflicting roles in different studies (10, 41) . In contrast to negative regulation in the RIG-I-mediated signaling pathway (4, 42, 43) , tree shrew cells lacking tLGP2 exhibited a decreased IFNB1 mRNA expression in response to RNA virus infections (Fig. 3B) . Moreover, tLGP2 could synergize with tMDA5 to sense SeV infection (Fig. 3I ). This pattern is consistent with the observation that silencing endogenous chLGP2 reduced chIFN-β mRNA expression induced by AIV, suggested that chLGP2 had a positive role in antiviral signaling (19) . Taken both observations in the tree shrew and chicken together, we speculated that LGP2 had a positive role in regulating the RLR signaling pathway upon the RIG-I loss, and this role was endowed by the evolution. One unresolved question arising from this study is that whether other immune genes would undergo similar effect upon the RIG-I loss, as we would anticipate a cascade event for the loss of this important factor.
In short, we uncovered a previously unknown evolutionary signal in response to RIG-I loss in the tree shrew. The loss of RIG-I was accompanied by a functional substitute with MDA5 involving LGP2, which underwent positive selection. Our study provides an example that will assist our understanding of the functional evolution and conservation of the innate immune system in vertebrates. Table S2 contains complete related information in this study. All of the experimental procedures were performed according to the guidelines approved by the Institutional Animal Care and Use Committee of Kunming Institute of Zoology.
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